1.31 W m-" OCY, is within the range for other birds. The lower critical temperature is about -10°C; this can be related to large body size (20-40 kg) and to body shape, giving a smaller relative surface area than for other birds. Rigidity of the feathers explains why winds of moderate speed (up to 5 m s-l) have little effect on heat loss. At very low temperatures the behavior of huddling close together is essential in reducing metabolic rate. Without this behavior, survival during the long fast (up to four mo) at winter temperatures would be impossible.
1976. -Emperor penguins breed during the cold antarctic winter. The males incubate the single egg while fasting for up to 4 mo and losing some 20 kg of their body mass. Fasting captive birds under outdoor conditions lost from 0.145 to 0.434 kg day -I. Mean resting metabolic rate, 49.06 W for 24.8 kg body mass, is 7 and 27%, respectively, higher than predicted from general metabolic equations for birds. Minimal thermal conductance,
1.31 W m-" OCY, is within the range for other birds. The lower critical temperature is about -10°C; this can be related to large body size (20-40 kg) and to body shape, giving a smaller relative surface area than for other birds. Rigidity of the feathers explains why winds of moderate speed (up to 5 m s-l) have little effect on heat loss. At very low temperatures the behavior of huddling close together is essential in reducing metabolic rate. Without this behavior, survival during the long fast (up to four mo) at winter temperatures would be impossible. oxygen consumption; starvation; molting; shivering; surface area THE EMPEROR PENGUIN (Aptenodytes forsteri, Gray) is a marine bird that is restricted to the coasts of the Antarctic continent. It lives and breeds under colder conditions than any other bird. It feeds exclusively at sea, and during breeding and molting it makes terrestrial sojourns that involve long periods of fasting. The period of fasting during molting coincides with summer, and the long period of fasting during breeding coincides with the polar winter. This puts extraordinary demands on the use of energy reserves for thermoregulation under natural conditions-the main subject of this paper.
The ecology and natural history of the emperor penguin are now well known (e.g., 6, 20, 39, 44, 48). The birds molt during the summer months of NovemberJanuary, and then return to the sea. Here they feed, deposit fat, and by April have attained a body mass of 30-40 kg (39). Then they leave the sea and establish rookeries on the ice in areas where the sea ice is particularly strong. Pairs are formed, and in May each female lays a single egg. By this time the females have fasted for 40-50 days and have lost about 25% of their body mass (39). They leave the egg with their mate and go back to the open sea to feed. The males now incubate the egg for an average of 64 days (20) under the most severe climatic conditions. The air temperatures may be -30 to -40°C and wind velocities as high as 40 m s-l. Average conditions recorded at the Halley Bay rookery from May 25th to July 24th were -28°C and 6.3 m s-l (21). The average duration of the males' fast at the rookery, including the preincubation and incubation periods, is 115 days (20) and they lose about 40% of their initial body mass (39). Throughout the fasting period they maintain a cloaca1 temperature of 34.5"C or above (32, 40). While incubating they huddle together in compact groups that often consist of thousands of birds. Prevost (39) has shown that this social thermoregulatory behavior allows the birds to reduce their daily change in body mass by one-quarter or one-half.
The interest in the energy metabolism of the emperor penguin is tied to interest in a) thermoregulation and incubation under severe climatic conditions, and b) the exceptionally long fast. These interesting problems have been discussed in a few preliminary reports (262'7, 36) This study provides detailed information on the compromise between these two conflicting requirements: the need to maintain a high body temperature in the cold, and the need to utilize energy reserves economically during the long period of fasting.
MATERIALS AND METHODS
Animals. This study was carried out in Adelie Land at the Dumont d'urville Station, Pointe Geologie Archipelago (66"40' S, 14O"Ol' E) from March 1972 to January 1973.
Sixteen nonmolting and four molting emperor penguins (body mass 20-39 kg) were caught in the breeding colony of the Pointe Geologie Archipelago, which is located 1 km from the Station. They were kept at the Station in fenced areas (4 x 4 m) on the ice, continuing the fast that had already begun at the colony. Snow was given daily ad libitum as a water source. The maximum number of birds in each enclosure was four.
Decrease in body mass during fasting. The birds were usually weighed every 48 h, about 5 h after receiving fresh snow as a water source, on a platform balance (accuracy t 50 g).
Energy metabolism. Energy metabolism was studied in two ways. Eleven birds (four males and seven of unknown sex) were used for measurements of rate of oxygen consumption (Vo,) and carbon dioxide production (vco,), from which their metabolic rate was calculated. An estimate of total metabolic rate was also obtained from daily change in body mass.
Metabolic rate from PO, and Vco2. We used an opencircuit system derived from Depocas et al. (12) . All measurements were made on birds under outdoor conditions, with the analyzing system situated indoors at 20 t 2°C (see Fig. 1 ). The bird stood on ice with its head in a Plexiglas hood. It could move and its flippers were free, but a restraining device prevented it from lying down and from turning more than 45". Most of the time the bird stood with its back to the wind. The mask was supported by a flexible fiberglass rod and the bird could move its head freely. The volume of the mask with the bird's head and neck inside was about 3.5 liters. A constant air flow rate of 30-50 liters min-' was maintained through the mask.
Air flow rates were measured with a Schlumberger model Gallus 6 volumeter (accuracy' t 1.5%) and a calibrated quartz clock and were converted to standard temperature and pressure, dry (STPD) .
The residual amount of water (545% relative humidity) was determined by wet and dry bulb thermometers (accuracy t O.l"C). The fractional concentrations of oxygen were monitored with a Beckman model E-2 paramagnetic gas analyzer with a full-scale response to a change from 0 to 25% or from 18.5 to 21% 0,. Readings were made every 30 s. The 0, analyzer was calibrated with pure nitrogen gas (less than 0.01% 02) and atmospheric air that was assumed to have an oxygen content of 20.93%. Carbon dioxide concentrations were measured with a Hartmann and Braun model URAS 2 infrared gas analyzer with linearizing circuit, in conjunction with a Leeds & Northrup Speedomax model W recorder. Full-scale response of the analyzer was to a change from 0 to 2% C02, and it was calibrated with known mixtures of CO, (+ 0.02%).
The 0, and CO, analyzers were calibrated before and after each experiment -i.e., if measurements were made on two birds and on the same day, a total of four calibrations were carried out. The open-circuit system was tested for leaks as described by Prange and Schmidt-Nielsen (38).
Rate of 0, consumption and CO, production were calculated with equations derived from those of Depocas and Hart (11). The caloric equivalent for 0, was determined from the respiratory quotient using Lusk tables (28) .
Metabolic rate from change in body mass. To calculate the metabolic rate from the change in body mass, we assumed that, as for the fasting goose (2>, the amount of protein catabolized during fasting metabolism accounted for about 5% of the metabolic rate and, therefore, that 95% of the metabolic rate of the emperor penguins was due to fat catabolism. If we assume that 15% of the change in body mass is due to water loss, and that the remaining loss in body mass is due to protein catabolism (5%) and fat catabolism (95%), it is possible to calculate metabolic rate from change in body mass. For metabolic rate calculations we used Maynard and Loosli's (29) data: catabolism of fat yields 3.8 x lo7 J kg -l, and catabolism of protein yields 1.7 x lo7 J kg-l. Temperature measurements. We assumed that the stomach temperature was the core temperature of the bird. The temperature was measured with a thermistor probe connected to an electronic thermometer (Braun model Tastomed, accuracy +O.l"C). The birds could be induced to swallow the probe, and its ejection was prevented by fixing a smooth Plexiglas disc (3-cm diam) to the probe lead 1 cm above the probe. The air temperature (T,) was measured in a meteorological shelter near the bird with a copper-constantan thermocouple in conjunction with a Leeds & Northrup 12-channel recording potentiometer (accuracy 2 0.2OC).
Wind speed. Wind speed was measured 0.5 m above the ice with a Fresnay anemometer (accuracy +5%) in conjunction with a Sodeco print counter.
Body surface area. Body surface area (A,,) was measured by two methods on emperor penguin carcasses: method a, covering the surface with paper of known mass per unit area and weighing the paper, and method b, coating the carcass with silicone rubber (after Johnson, quoted in (13)) and planimetering the peeled-off polymerized rubber coating.
Experimental procedure. To avoid the birds' struggling before metabolic measurements, they were weighed only at the end of each run. The experiments were done when the sun was below the horizon, to avoid the influence of direct sunlight on heat exchange, and thus on the metabolic rate. No record was kept of whether the sky was clear or cloudy during the experiments, and, therefore, the influence of radiation could not be assessed. Usually the measurements were continued for 2-3 h with the birds standing up, head in the mask. This was considered to be long enough since there was no noticeable change of metabolic rates over 10 h when the climatic conditions remained constant. Results obtained on struggling birds were discarded, but most of the birds were very quiet, with a few head movements from time to time, as in the wild. To avoid taking into account the energy cost of this activity, the mean metabolic rate was calculated for each 5-min pe-riod during a 30-min period of minimum activity, during which the climatic conditions could be considered constant (less than 1°C variation for ambient temperature and less than 20% variation for wind speed). The lowest observed metabolic rate for a 5-min period was considered to be the metabolic rate of the bird at rest.
Units and conversion factors. The International System of Units (30) has been used throughout this paper. Data and equations from the literature have been appropriately converted to this system when necessary for calculations or comparisons. Statistical methods follow those of Sokal and Rohlf (43).
RESULTS
Decrease in Body Mass During Fasting 1) Nonmolting birds. The decrease in body mass during fasting was studied in 16 nonmolting birds (four males and 12 birds of unknown sex). Two other birds (two females) were released because they would not settle down in captivity. The initial body mass of the 16 birds was between 20.35 and 38.60 kg and their final body mass was between 15.00 and 22.85 kg (Table 1) . Their length of fasting in captivity was from 10 to 74 days and their decrease in body mass ranged from 2.40 to 15.75 kg.
The decrease in body mass of the birds was characterized by three phases (Fig. 2, A) . During an initial period (I), which lasted only a few days, there was a rapid decrease in body mass, followed by a usually longer period (II) of more steady decrease, and by a terminal period of rapid decrease (ZZZ). The daily change in body mass showed a rapid decline in about 4 or 5 days (Fig. 2,  B) . A significant slow and steady decline in the daily change in body mass was observed throughout period ZZ (F 1,lO = 7.03; P < 0.025). The third period (ZZZ) was marked by a sharp rise in the daily change in body mass. The point where the daily change in body mass started to rise (between periods ZZ and ZZZ) is called the critical body mass. When the body mass at the beginning of period ZZ was close to the critical body mass, period Z was directly followed by period ZZZ.
When measured during the first day of captivity, the daily change in body mass of the birds was from 0.25 to 1.35 kg day-l with a mean of 0.638 kg day-' (SD, 0.357; n, 10) (see Fig. 3 ). The mean daily change in body mass from the fourth to the tenth day was much lower -0.258 kg day-l (SD, 0.074; n, 42). Activity was not recorded, but there was an obvious decrease in activity in the 16 birds that, no doubt, may explain the early decrease in their daily change in body mass.
Since it is difficult to determine the exact transition point between period I and period II, it was arbitrarily decided to use day 4 as the beginning ofperiod 1. (Fig. 2,  A) . Although one bird (no. 6) fasted for 35 days and had a final body mass of 16.95 kg, the transition point between periods II and III could not be defined. This bird had a behavior different from all the other birds studied, struggling during much of its stay in captivity. With the exception of bird no. 6, the daily change in body mass during period II was calculated for eight birds for which this period was long enough to be followed by 12 or more measurements, which corresponded to 18 days or more of fasting. These birds were four winter birds (nos. 1, 2, 7, and 12) and four summer birds (nos. 3, 4, 5, and 8). The winter birds were four males kept in captivity during a period coinciding with the long fasting period of males at the colony. The daily change in body mass of the eight birds during period 11 (Table 2 ) wa s f rom 2 to 19% lower than the daily change during their total periods of fasting, as indicated in Table 1 Although the use of a linear equation is a good approximation, the decrease in body mass during period II (see Fig. 2 , A) was better represented (smaller mean square of residuals) by an equation of the form ry2 = rrzo e+, where m = current body mass; m,, = initial body mass extrapolated to time zero of captivity; k = (-dml m)ldt = daily fractional change in current body mass; and t = time in days. This is in agreement with the significant decline of the daily change in body mass during period II of fasting (Fig. 2, B) and it means that the daily change in body mass tends to remain proportional to body mass. The daily percent change in current body mass (k x 100) was calculated for the eight birds, and the data are given in Table 2 . The average value for the four winter birds (0.68% of the current body mass per day) is only about two-thirds of the average value for the four summer birds (0.98% of the current body mass per day). This difference is not due to the inequality of the body masses of the birds at the beginning of period II, since a similar result was found when arbitrarily choosing the same initial body mass of 24 kg for the beginning of phase 11 (0.72% for winter birds and 1.0'7% for summer birds). The daily percent change in current body mass of the summer birds was found not to vary significantly (F, 3;5, 1.01.; P > 0.05) for air temperatures between 0 and -9&C and wind speeds from 0 to 5 m s-l (Fig. 4) . In the same range of wind speeds the lower daily percent change in current body mass of the winter birds was found not to vary significantly (F1.75, 0.23; P > 0.05) for air temperatures between -5 and -23°C. An important consequence is that for a winter bird weighing 35 kg at the beginning of period II, a critical body mass of about 20 kg will be reached after 60 days of fasting, instead of the 40 days for a summer bird of the same initial body mass. The difference between the daily percent change in current body mass for the winter birds (0.7%) and the summer birds (1 .O%) could partly be attributed to the high activity level of the fasting summer birds. The four emperor penguins captive in winter had an extremely low activity level and remained almost motionless for days, especially at the lowest ambient temperatures. For the third period of fasting (Fig. 2,111 ) the critical body mass was between 22.5 and 20.0 kg when considered individually for each bird. Figure 5 shows that the daily change in body mass of a 17-kg bird is several times that of a 24-kg bird. An increase in activity and water intake was observed for birds below the critical body mass.
2) Molting birds. The four birds considered in this study went through a process of molting similar to that observed for free birds fasting on the sea ice. The earliest visible evidence of molting in an emperor penguin is the appearance of new tail feathers pushing out the old, which remain connected to them. Then the ventral and dorsal plumage appear to fade and become dull, and the dark dorsal feathers tend to become brown in color. A few days later the new ventral and dorsal feathers become visible. When they extend 1 cm or more out of the skin, the old feathers fall off. Last to go are the feathers of the nape and lower back. Some of the upper and lower parts of the body are still molting when the new ventral and dorsal feathers have almost reached their final length. The total duration of the molt is about 30-40 days.
The decrease in body mass of one of the molting birds is shown in Fig. 6 . For a mean air temperature of l.O"C the decrease in body mass of this bird in 20 days was similar to that reached in 73 days by a nonmolting bird of the same initial mass (34.0 kg) fasting in winter with an average daily change in body mass of 0.18 kg day? Before the eighth day (Fig. 6, A) , which corresponded to the time when the new ventral and dorsal feathers became visible, the change in body mass was 0.613 kg day-l for 8 days. It was 0.794 kg day-l for the 8 following days. From the 20th day (Fig. 6, B) , which corresponded to the time when the new dorsal and ventral feathers reached almost their final length, to the 26th day, the daily change in body -mass was only 0.200 kg day? The sharp decrease in body mass after the 26th day was similar to what was observed for fasting, nonmolting birds below the critical body mass (period III). The data for the four molting emperor penguins are plotted in Fig. 7 . Their mean daily change in body mass was 0.717 kg day-l (SD, 0.175; n, 21) during molting (mean air temperature, 1.5"C), which corresponds to a 2.8% change in current body mass per day. This value is 4.1 times the value for fasting, nonmolting birds in winter and 2.8 times the value for fasting, nonmolting birds in summer. The mean daily change in body mass of the four birds after molting was 0.291 kg day-l (SD, 0.127; n, 21).
Energy Metabolism
Metabolic rate from 30, and &JO,. Data for metabolic rates at various air temperatures are shown in Fig. 8 . The 11 nonmolting birds used for measurements were in period 11 of fasting. Their body mass was between 21.20 and 34.95 kg (mean, 25.09 kg; SD, 3.14; n = 115).
The measurements were made under outdoor conditions at air temperatures extending from -L2"C to -30°C. For air temperatures above -10°C there was no significant difference ( ts4, 0.73; P > 0.05) for metabolic rate data in winter and summer birds (there were no determinations for summer birds below -1OOC). To examine a possible effect of wind speed, all the data above -10°C were divided into groups of O-l, 1-3, 3-5 m s-l. These groups showed no significant differences. There was homogeneity of variance (Bartlett's test: x2$ 1.23; P > 0.05), the slopes did not differ significantly @&, 1.27; P > 0.05), nor did the elevations (F2,35, 0.77; P > 0.05). Comparison of metabolic data below -10°C for the same wind-speed ranges also showed no significant difference. There was homogeneity of variance (Bartlett's test: xZ2, 1.16; P > 0.05), the slopes did not differ significantly (F2,80, 0.59; P > 0.05), nor did the elevations (F 2,80> 2.91; P > 0.05). Since only 10 measurements were made at wind speeds above 5 m s-l , these data were insufficient for determ ining whether there was any effect from higher wind speed and were not used. All the metabolic rate data for wind speeds of 5 m s-l or below were therefore pooled.
The data in Fig. 8 were analyzed by the Scholander et al. (41) model, which is useful for comparative studies in temperature regulation. The metabolic rate of an animal at rest 1s fairly constant in a range of air temperatures that is called the thermoneutral zone (in this study this constant metabolic rate is called resting metabolic rate) neutral zon .e
The lowest air temperature in the thermois called the lower critical temperature. At air temperatures below the lower critical temperature the animal must i ncrease its metabolic rate to maintain its body temperature constant. The relation between metabolic rate and air temperature is usually expressed by two lin .ear regression lines that intersect at t the lower critical temperature. There exist extensive data that indicate close conformity to this model, although there are exceptions (e.g., 8, 19). Considering our data, there is no significant increase in metabolic rate from -1.2 to -10°C tFl,w 0.02; P > 0.05) and the mean is 49.06 W (SD, 6.54; n, 36) for a mean body mass of 24.8 kg (SD, 0.46; n, 36). This overall mean for metabolic rate is, therefore, considered to be the resting metabolic rate for the fasting emperor penguin. The lower critical temperature was chosen by calculating the pool mean square (PMS) for various combinations of data (see ref. 37). The PMS was found to be a minimum when considering the two linear regression lines relating metabolic rate to air temperature above and below about -10°C. This is also the value found by Pinshow et al. (37) for emperor penguins in standard conditions.
Between -10 and -3OOC the metabolic rate increased with decreasing air temperature . At -30°C it was about 63% above the resting metabolic rate. The equations for the two regression lines relating metabolic rate to air temperature are given in Table 3 .
Since much information in the literature about metabolic rates is expressed as specific metabolic rate (metabolic rate/body mass), the equations for specific metabolic rate are also given in Table 3 . The two regression lines relating resting metabolic rate and specific resting metabolic rate below -10°C gave values of 26.2 and l3.5"C, respectively, when extrapolated to zero metabolic rate. However, the metabolic rate of the emperor penguin that was determined in standard conditions by Pinshow et al. The mean respiratory quotient (RQ) (~co,/~o,) for all measurements from -1.2 to -30°C was 0.70 (SD, 0.008; n, 115).
Behavior. At air temperatures below -10°C the birds usually assumed a characteristic position. They would stand on the ice, supported on three points, their "heels" (intratarsal joints) and their tails, with the distal part of the feet lifted from the ice, and with the flippers held close to the body.
Body temperature. Stomach temperature was determined on eight birds during 36 metabolic measurements at air temperatures ranging from -1.2 to -26.3"C. Within a few minutes of the insertion of the temperature probe, the stomach temperature increased by about 0.5"C, then it decreased and a steady level was reached about 15-30 min later. Measurements over 10 h showed only minor fluctuations of a few tenths of a degree. Overall mean for 36 measurements, taken 1 h after attaining a steady level, was 38.2"C (SD, 0.63). No significant correlation with air temperature could be demonstrated (F, 34, 0.43; P > 0.05).
Shivering. During metabolic measurements, nonmolting birds shivered visibly at air temperatures below -8 to -13°C. This range is close to the lower critical temperature. Shivering was observed in birds with body temperatures ranging from 36 to 39°C. It disappeared during apparent sleep (as suggested from lack of response to external stimuli; no EEG recordings were Number of emperor penguins was 11. A) y = metabolic rate in W; x = air temperature in "C; a = slope in W "C-l; b = intersect forx = 0; -bl a = air temperature for y = 0; r = product moment correlation coefficient; SD = standard deviation of subscripted value; SE,, = standard error of the estimate; df = degrees of freedom for+' statistic; F = F statistic for linear term. B) y = specific metabolic rate in W kg-', a = slope in W kg-' oC-l. Other symbols as in A. body mass in kg). With lipid stores during this period. They have important method b (silicone rubber), Ab for the biggest bird was 0.67 m2, which is 4% above the value determined by reserves of fat, the subcutaneous and peritoneal adipose tissue weighing about 10 kg for a 34-kg bird (39). The method a for the same bird.
With flippers spread the increase in body surface was found to be about 16% (Table 4 ). It was determined by doubling the measured internal surface area of both flippers. Flipper internal surface area was measured by planimetering the surface, which had been traced on rapidly as the insulating layer of fat is used up. However, our results show that the daily change in body subcutaneous fat is 2-3 cm thick at the beginning of fasting and nearly zero at the end. It might be suggested that the body mass ought to decline more and more mass during fasting tends to remain proportional to the paper.
bolic rate was calculated from the change in body mass during period 11 of fasting for the eight nonmolting birds of Table 2 . If we assume that 15% of the daily Metabolic rate from change in body mass. The metabody mass, as found for man (31), dog (23), and swift (24) at air temperatures 20-40°C higher. This suggests that change in body mass is due to water loss, the calculated metabolic rate was 60.7 W for the four winter birds and 86.9 W for the four summer birds.
DISCUSSION
Decrease in body mass during fasting. We found that the body mass decreased at a faster rate during the first few days of fasting (period 1). This is in agreement with data on fasting man (17, 23), dog (23), and goose (2). The rapid decrease in body mass during the first days could be due to the stress of captivity, but it presumably does not give a full explanation for this decrease. In addition to decreased activity (fasting men and animals are remarkably apathetic), much of the early decline in the daily change in body mass is probably due to a decrease in metabolic rate and in rate of water loss, as is well known for man (17). A substantial fraction of the initial water loss could be from the stomach and liver. When fasting begins, the emperor penguin's stomach contains l-3.8 kg of food, and the liver weighs about 0.75 kg (39).
Since there is about l-2 g of water for each gram of hepatic glycogen stored (14), or perhaps 4-5 g (35), an important water loss could be associated with breaksponds to the point at which most-or all of the fat reserves have been consumed. From dissection results, most of the body insulation of the emperor penguin is Prevost (39) gave 4.7 kg of subcutaneous and peritoneal adipose tissue as the value for a 24.8kg emperor pendue to the plumage rather than to subcutaneous fat.
guin. The faster decrease in body mass of fasting birds below the critical body mass may, therefore, beittrib-
The critical body mass (20-22.5 kg) presumably correuted to an increase in protein catabolism, as well as to the observed increase in activity. Twice as much protein is necessary to obtain the same caloric value as from fat. This might explain why Groscolas et al. (18) observed a 40% increase in plasma amino acids in emperor penguins at the end of fasting. Only the use of a substantial fraction of the initial protein stores can explain how these birds endure more than 10 days of fasting below a body mass of 20 kg. The increase in water intake below the critical body mass is presumably due to an increase in water loss resulting from an increase in fecal nitrogen loss.
When emperor penguins leave the colony to feed at sea their body mass is usually about 23-24 kg (39), although birds below 20 kg may be found. Therefore, they still have enough fat before reaching their critical body mass to walk a long distance. The energy demand for an emperor penguin to walk 200 km at a mean speed of 0.56 m s-l is between 1.47 and 1.72 kg of fat (37).
Most of the data in the literature on daily change in body mass of fasting emperor penguins (21, 32, 39) were obtained from only one initial and one final weighing. tures from -5 to -23°C (Fig. 4) does not prove the absence of an increase in metabolic rate when air temperatures decrease, because the birds also decreased their activity. That the level of activity was the lowest for birds fasting in winter could be related to the relative length of day and night. The period of light on the coasts of the Antarctic Continent is only a few hours in winter and more than 20 h in summer.
Energy metaboLism. Adaptive adjustments to changes in the thermal environment may affect 1) metabolic rate, 2) thermal conductance, and 3) body temperature. These three aspects will be discussed in relation to the Scholander et al. (41) In contrast, wind of moderate speed (4.5 m s-l) has been shown to increase the resting metabolic rate of the well-insulated snowy owl (15), which does not have rigid feathers as do penguins.
It is remarkable that the daily change in body mass of the emperor penguin is highest in summer when the birds are molting. This can be explained by the energy requirements for synthesis of new feathers as well as the decrease in insulation.
The observation that molting emperor penguins shiver at an air temperature of 0°C suggests that the lower critical temperature is about 10°C higher than for nonmolting birds. This is again in agreement with the fact that most of the insulation is due to the feathers. The exact proportion of the increase in metabolic rate associated with the synthesis of new feathers and with the decrease in insulation during molting remains to be determined. The feather insulation of the emperor penguin could be a disadvantage during high solar radiation or an increase in heat production resulting from locomotion. The possibility of a 16% increase in surface area when the flippers open (Table 4) and high flipper and foot temperatures, up to 38°C (3, 4), permit a considerable increase of conductance.
Body temperature is not commonly considered as being involved in the adaptation to cold (7, 42). Nevertheless, the reduction of energy expenditure that could result from a lowering of the body temperature must be considered for the long-fasting emperor penguin. Our mean value of stomach temperature, 38.2"C for isolated fasting birds, is close to the stomach temperature given by Jarman, 38.1"C (Zl), Bougaeff, 38.5"C (4), and to the abdominal telemetrically recorded temperature of 38.4-38.7"C of Boyd and Sladen (5). Our measured stomach temperatures are significantly higher than the cloaca1 temperatures (mean 37.8"C) recorded by Pinshow et al. (37) (t.,<,. 3.77: P < 0.001). Cloaca1 tem-peratures of isolated birds in their breeding colony are reported to be 37.8-37.9"C (40) and 36.9-37.4"C (32). These results indicate that stomach temperatures may be higher than cloaca1 temperatures.
In other species of penguins simultaneous measurements of stomach and cloaca1 temperatures showed the former to be from 0.6 to 1.6"C higher than the latter (13, 16, 33, 34) .
A core temperature of 38.2-38.7"C for the emperor penguin is low compared to that of most other birds (see ref. 22 ) and lower than in the other species of penguins so far studied (34). Compared to this core temperature, recorded on isolated individuals, the extremely low cloaca1 temperature (34.536.4"C) of huddling emperor penguins (32, 40) are of particular interest. It remains unknown whether these low cloaca1 temperatures correspond to a decrease of the core temperature or of the size of the "core".
No measurements have been made of metabolic rates of huddling penguins, but the rate of change in body mass observed for huddling birds in winter, 0.105-0.123 kg day-* (40) can be used for an estimate. If we assume that 15% of the daily loss in body mass is due to water loss, the calculated metabolic rate for huddling emperor penguins is from 38.4 to 52.6 W. This is 37-13% below the calculated metabolic rate for iso-
